We have calculated parity nonconserving 7s − 6d 3/2 amplitude EPNC in 2 23Ra + using highprecision relativistic all-order method where all single and double excitations of the Dirac-Fock wave functions are included to all orders of perturbation theory. Detailed study of the uncertainty of the parity nonconserving (PNC) amplitude is carried out; additional calculations are performed to estimate some of the missing correlation corrections. A systematic study of the parity conserving atomic properties, including the calculation of the energies, transition matrix elements, lifetimes, hyperfine constants, quadrupole moments of the 6d states, as well as dipole and quadrupole ground state polarizabilities, is carried out. The results are compared with other theoretical calculations and available experimental values.
I. INTRODUCTION
There are two separate reasons for parity violation studies in an atom: to search for new physics beyond the standard model of the electroweak interaction by precise evaluation of the weak charge Q w , and to probe parity violation in the nucleus by evaluating the nuclear anapole moment. The atomic-physics tests of the standard model that are completed to date were carried out by comparing experimental weak charges of atoms Q W , which depend on input from atomic theory, with predictions from the standard model [1] . The most precise experimental study to date, a 0.35% measurement in Cs was carried out by the Boulder group [2] using a Stark interference scheme for measuring the ratio of the PNC amplitude E PNC and the vector part of the Stark-induced amplitude β for transitions between states of the same nominal parity. The value of the weak charge in Cs was ultimately found to be consistent with the theories of the standard model. However, such comparisons provide important constraints on its possible extensions. A recent analysis [3] of parityviolating electron-nucleus scattering measurements combined with atomic PNC measurements placed tight constraints on the weak neutral-current lepton-quark interactions at low energy, improving the lower bound on the scale of relevant new physics to ∼1 TeV.
Experimental measurements of the spin-dependent contribution to the PNC 6s → 7s transition in 133 Cs led to a value of the cesium anapole moment that is accurate to about 14% [2] . The analysis of this experiment, which required a calculation of the nuclear spin-dependent PNC amplitude, led to constraints on weak nucleon-nucleon coupling constants that are inconsistent with constraints from deep inelastic scattering and other nuclear experiments, as pointed out in [4] . Therefore, new experiments (and associated theoretical analysis) are needed to resolve the issue. Currently, a microwave experiment to measure the spin-dependent PNC amplitude in the 7s state of Fr [5] and an isotopic chain experiment in Yb [6] are underway. We note that when an experimental study is conducted in a single isotope, both theoretical and experimental determinations of PNC amplitudes are required while the experiments conducted with isotopic chains should allow to remove the dependence on the theory. However, accurate theoretical values for a number of atomic properties are useful for this type of experiments as well.
The present work is motivated by the project that was recently started at the Accelerator Institute (KVI) of the University of Groningen [7] to measure PNC amplitude in a single trapped radium ion. Ra + is a particularly good candidate for the PNC study owing to high value of the nuclear charge Z and, correspondingly, large expected PNC effects. The 7s − 6d 3/2 transition in Ra + is of special interest owing to the long life of the 6d 3/2 state and its sensitivity to both spin independent PNC and spin dependent PNC [8] . The 7s − 6d 3/2 transition in Ra + is also being considered for the development of optical frequency standards at the same laboratory [9] . The parity violation experiments are also accompanied by a number of measurements of parity-conserving quantities; as a result we have included a systematical study of such properties in this work.
In summary, we have calculated the PNC amplitude for the 7s − 6d 3/2 transition in 223 Ra + together with the lifetimes of the 7p and 6d states, energy levels for ns, np, nd, and nf states, transition matrix elements for a number of the E1 and E2 transitions, quadrupole moments of the 6d states, ground state dipole and quadrupole polarizabilities, and magnetic-dipole hyperfine constants A for the 7s, 7p, and 6d states using the relativistic allorder method. The all-order method has proved to be very reliable for calculating the properties of alkali-metal atoms and singly ionized monovalent ions (see, for example, Refs. [10, 11, 12, 13, 14, 15, 16] ). The effect of Breit interaction on the PNC amplitude is also evaluated. The sensitivity of the PNC amplitude to the nuclear radius and varying neutron distribution has been studied. Our results are compared with other theoretical values and available experimental data.
II. THEORY
In this section, we briefly discuss the all-order method which has been used to calculate the wave functions and the matrix elements necessary to evaluate the observed properties. The all-order method relies on including all single and double excitations of the core and valence electrons from the lowest-order wave function:
Here, |Φ v is the lowest-order atomic wave function taken to be the frozen-core DF wave function of a state v; a † i , a j are single-particle creation and annihilation operators, ρ ma and ρ mv are the single core and valence excitation coefficients, and ρ mnab and ρ mnva are double core and valence excitation coefficients, respectively. Indices at the beginning of the alphabet, a, b, · · · , refer to occupied core states, those in the middle of the alphabet m, n, · · · , refer to excited states, and index v designates the valence orbital.
To derive equations for the excitation coefficients, the all-order wave function (1) is substituted into the manybody Schrödinger equation H|Ψ v = E|Ψ v , and terms on the left-and right-hand sides are matched, based on the number and type of operators they contain. Hamiltonian H = H 0 + V I is taken to be the relativistic no-pair Hamiltonian:
where ε i are the single-particle energies, : : designate normal ordering of the operators with respect to closed core, and g ijkl are the two-body Coulomb matrix elements. The all-order equations are solved numerically using a finite basis set of single-particle wave functions which are linear combinations of B-splines. We have used 70 basis set B-spline orbitals of order 8 defined on a nonlinear grid with 500 points within a spherical cavity of radius 80 a.u. A large spherical cavity is needed to accommodate all the valence orbitals required for our calculation. A sufficiently large number of grid points were enclosed within the nucleus to accommodate the influence of the nucleus on certain atomic properties such as parity-violating matrix elements and hyperfine constants. The resulting single-double (SD) excitation coefficients are used to calculate matrix elements of various one-body operators represented in the second quantization as Z = ij z ij a † i a j :
Substituting the expression for the wave function from Eq.(1) in the above equation and simplifying, we get
where z wv is the lowest-order DF matrix element and Z (a) , · · · , Z (t) and normalization terms N i are linear or quadratic functions of the single and double excitation coefficients [10, 19] . The expression in Eq. (4) does not depend on the nature of the operator Z, only on its rank and parity. Therefore, all matrix elements calculated in this work (E1, M1, E2, hyperfine, and PNC matrix elements) are calculated using the same general code.
Corrections to the all-order equations from the dominant class of triple excitation terms are also evaluated where needed by including the term
the SD wave function (1) and considering its effect on the energy and single valence excitation coefficient equations perturbatively (SDpT approach). Other classes of triple and higher excitations are included where needed using the scaling procedure by multiplying single excitation coefficients ρ mv by the ratio of the "experimental" and corresponding (SD or SDpT) correlation energies [10] . The "experimental" correlation energies are determined as the difference of the total experimental energy and the DF lowest-order values. The calculation of the matrix elements is then repeated with the modified excitation coefficients. We refer the reader to the review [16] and references therein for the detailed description of the all-order method and its extensions. The various atomic properties calculated using the all-order method described above are discussed in detail in the following sections.
III. PROPERTIES OF RA +

A. Energies
Results of our calculations of energies for a number of Ra + levels are summarized in Table I . The first six columns of Table I give the lowest-order DF energies E (0) , the all-order SD energies E SD , the part of the third-order energies omitted in the SD calculation E (3) extra , first-order Breit contribution B (1) , second-order Coulomb-Breit B (2) corrections, and Lamb shift contribution, E LS (see Ref. [22] for detail). We take the sum of these six contributions to be our final all-order results, E SD tot listed in the seventh column of Table I . The column labeled δE SD in Table I gives differences between our ab initio results and the experimental values [17, 18] . The SD results are in good agreement with the experimental values taking into account very large size of the high-order correlation corrections. We predict the energies of the 9p 1/2 , 10p 1/2 , and 10p 3/2 levels using our theoretical results and differences between our and experimental values for the known np levels. The predicted values are listed in Table I and are expected to be accurate to a few cm −1 .
We compare our results for the excitation energies important to the calculation of the 7s − 6d 3/2 PNC amplitude with other theoretical calculations and experiment [18] in Table II . The calculations in both Ref. [20] and Ref. [21] use high-precision all-order methods, but represent very different approaches. The calculations in Ref. [20] are performed using the correlation potential method. The results of Ref. [21] are obtained using coupled-cluster method including single, double, and partial triple excitations. The results of Ref. [20] are in better agreement with experiment for the 7s − 7p transitions and the results from the present work are in better agreement with experiment for the 6d 3/2 −7p transitions. Large discrepancies of the coupled-cluster results from Ref. [21] for the 6d − 7p transitions with experiment are somewhat surprising and may indicate insufficient number of higher partial wave functions in the basis set. In our calculations, all partial wave up to l max = 6 are explicitly included in all calculations and extrapolation for higher number of partial waves is carried out for the dominant second-order correlation energy contribution.
B. Electric-dipole matrix elements
We calculate all allowed reduced electric-dipole matrix elements between ns, np, and n 1 d states where n = 7−10 and n 1 = 6 − 10 using the method described above. The subset of these matrix elements is compared with the correlation potential calculations of Ref. [20] and coupledcluster calculations of Refs. [9, 21] in Table III . Absolute values of the reduced matrix elements in atomic units are listed in the table. All present values with the exception of the 7p 1/2 − 8s, 7p 3/2 − 8s, 8p 1/2 − 7s and 8p 3/2 − 7s transitions are ab initio SD values. For these four transitions, we used scaling procedure described above to provide recommended values as we expect the scaled values to be more accurate based on Cs "best set" data Ref. [23] .
The calculations of Ref. [20] are carried out using fitted Brueckner orbitals (i.e. include semi-empirical correction to the correlation operator) and include core polarization, structure radiation, and normalization corrections. We note that Ref. [20] quotes radial integrals rather than reduced matrix elements, so we have multiplied their results by the appropriate angular factors for the purpose of comparison. The calculations of the Refs. [9, 21] are carried out using the coupled-cluster method. We have also listed the lowest-order DF values in the first column of the table to illustrate the size of the correlation corrections for various transitions. Negative sign of the DF value for the 8p 1/2 − 7s 1/2 transition indicates that the lowest-order values is of the opposite sign with the final result. The correlation corrections for the primary 7s − 7p and 7p − 6d transitions are quite large, 18-25%. The correlation corrections for the remaining strong transitions are generally smaller, 2-10%. All theoretical values are in good agreement for these transitions. Our values for 7s − 7p and 7p − 6d are in better agreement with results of Ref. [20] than those of Refs. [9, 21] . The agreement is generally poorer for the transitions with small values of the matrix elements as expected owing to very large size of the correlation corrections. Since different methods omit or include somewhat different classes of the high-order corrections, discrepancies are expected when such corrections are large. The issue of the very small matrix elements, such as 8p − 7s, is also discussed in Ref. [20] .
C. Polarizabilities
We calculate the static dipole and quadrupole polarizabilities of the Ra + ion in its ground 7s state. The static polarizability is calculated as the sum of three terms representing contributions from the ionic core α c , a small counteracting term to compensate for the excitations from the core states to the valence state α vc , and valence polarizability α v :
Dipole polarizability
The valence polarizability contributes over 90% of the total value of the electric-dipole polarizability and is calculated using sum-over-states approach:
(6) The sum over n in Eq. (6) converges extremely fast. In fact, the first term with n = 7 contributes 99.8% of the total value. As a result, we calculate the first few terms (with n = 7 − 10) using our all-order matrix elements from Table III and experimental energies [17, 18] where available. The remainder α tail v is calculated in the DF approximation without loss of accuracy. The ionic core contribution α c and term α vc are calculated in the randomphase approximation (RPA). The RPA core value is expected to be accurate to better than 5% (see Ref. [24] and references therein). All contributions to the dipole + . The contributions from the (7 − 10)p states are given separately. Our result is compared with calculation from Ref. [9] . All results are in a.u. 9] 106.12 polarizability are listed in Table IV . The contributions from n = 7 − 10 are given together as α main v . The value of the ground state Ba + polarizability calculated by the same approach [24] is in near perfect agreement with the experiment [25] (to 0.2%). Moreover, the theoretical SD 6p lifetimes in Ba + are also in excellent agreement with experimental values [24] . We note that lifetime experiments are conducted entirely differently from the polarizability measurement of [25] . There are two differences between the Ba + and Ra + dipole polarizability calculations: increased ionic core contribution and increased size of the correlation corrections. The core contribution increases from 8% in Ba + to 13% in Ra + and the correlation correction contribution to the 7s − 7p matrix elements increases by about 3% (from 16.6% to 19.1% for the 7s − 7p 1/2 transition). Neither of these changes is expected to significantly decrease the accuracy of the Ra + ground state dipole polarizability in comparison with the Ba + one. Therefore, we expect our value to be accurate to better than 1%. Our result is in agreement with the coupled-cluster calculation of Ref. [9] .
Contribution
αE1 7p 1/2 − 7s 36.29 7p 3/2 − 7s 56.79 8p 1/2 − 7s 0.00 8p 3/2 − 7s 0.23 (9 − 10)p − 7s 0.04 α main v 93.35 αc 13.74 α tail v 0.11 αvc -0.98 Total 106.22 Theory [
Quadrupole polarizability
The valence part of the quadrupole polarizability is calculated using the sum-over-states approach as:
(7) All contributions to the quadrupole polarizability are listed in Table V . The correlation correction to the E2 matrix elements is dominated by a single term among twenty terms in the numerator of Eq. (4). As described in detail in Ref. [24] , additional omitted correlation correction to this term may be estimated by the scaling procedure described above. The scaling modifies the SD re- [9] 2547.5
sults by 0.7 to 2.3% depending on the transition. We have also carried out the ab initio all-order calculation with inclusion of the triple valence excitation coefficients as described in the Section II (SDpT approach). The scaling procedure was repeated starting from the SDpT approximation for the dominant 7s−6d 3/2 and 7s−6d 5/2 transitions. These additional calculations allow us to directly evaluate the uncertainty in our calculations since they produce different evaluations of the omitted correlation correction. We take the uncertainty in the calculation of the 7s − 6d 3/2 and 7s − 6d 5/2 to be the maximum of the difference of out final SD scaled results with ab initio and scaled SDpT data. We note that SD approach generally underestimates the correlation energy and SDpT approach generally overestimates the correlation energy used in the scaling procedure. The scaled SD and SDpT results are rather close, further confirming the validity of this procedure and of our uncertainty estimate. Therefore, we take the uncertainty of the remaining transitions to be the difference of the final SD scaled and ab initio SDpT values. The resulting final matrix elements and their uncertainties are listed in Table V in column labeled "E2". The relative uncertainty of the corresponding polarizability values is twice the relative uncertainty of the matrix elements since we assume the experimental energies be accurate to all figures quoted. The sum over n converges far slower than in the case of the dipole polarizability so calculating a first few terms to high precision is essential to obtain an accurate final value. The tail contribution, while small, is significant and has to be treated with care. We estimated that DF value for the main (n = 6 − 10) term is larger than our final all-order result by 22%. Therefore, we decrease the DF tail of 45 a.u. by 22% and take the difference of the DF tail and the final adjusted value to be its uncertainty. The core contribution is calculated in the RPA approxi- The lifetimes τ of the 7p and 6d states in Ra + are calculated as the inverse of the sum of the transition probabilities A. The 7p states decay via strong electric-dipole transitions. Total of five E1 transitions contribute to the lifetimes of these two states: 7p 1/2 − 7s, 7p 1/2 − 6d 3/2 , 7p 3/2 − 7s, 7p 3/2 − 6d 3/2 , and 7p 3/2 − 6d 5/2 . The electricdipole transition rates are calculated using formula
where λ is the wavelength of the transition inÅ and i||D||f is the electric-dipole reduced matrix element in atomic units. We use the experimental wavelength [17, 18] and our all-order matrix elements listed in Table III when evaluating the transition rates. The results are summarized in Table VI . We find that while the contributions of the 7s − 7p transitions to the 7p lifetimes are dominant, the contributions of the 7p− 6d transitions are significant (over 10%). Only one transition, 6d 3/2 −7s, has to be considered for the calculation of the 6d 3/2 lifetime. The corresponding transition rate is calculated as
where λ is the wavelength of the transition inÅ and i||Q||f is the electric-quadrupole reduced matrix element in atomic units. Two transitions have to be considered in the calculation of the 6d 5/2 lifetime: E2 6d 5/2 − 7s transition and M1 6d 5/2 − 6d 3/2 transition. The M1 transition rate is calculated as
We use the experimental wavelengths [17, 18] and our all-order matrix elements listed in Table V when evaluating the E2 transition rates. Our result for the reduced [9] 0.627(4) 0.297(4) Theory [20] 0.641 0.302 M1 6d 5/2 − 6d 3/2 matrix element is 1.55 a.u. The E2 and M1 transition rates contributing to the 6d 5/2 lifetime are 3.255 s −1 and 0.049 s −1 . We verified that the contribution of the 6d 5/2 − 6d 3/2 E2 transition is negligible.
Our results for the 6d 3/2 and 6d 5/2 lifetimes are presented in Table VII together with other theoretical values. Our values for the lifetimes of the 6d states are in better agreement with those published by Dzuba et al. [20] than with the results of Sahoo et al. [9] ; however, the discrepancies with Ref. [9] are small. We also list the uncertainties of our values in Table VII . The relative uncertainties in our values of the 6d lifetimes are twice the relative uncertainties in the values of the E2 matrix elements listed in Table V . We note that the estimated uncertainties quoted in Ref. [9] are obtained by carrying out calculations with different bases; i.e. they are numerical uncertainties resulting from the particular choice of the basis set and do not include estimation of the missing correlation effects. In our calculations, the basis set is complete (70 splines for each partial wave) and increasing its size does not change the result. Our uncertainties include estimation of the terms beyond triple contributions as described above as well as uncertainty owing to truncation of the partial waves above l > 6. Therefore, while our uncertainty is higher for 6d 3/2 state than the one quoted in Ref. [9] , it represents an attempt to provide an actual boundary for the recommended value of this lifetime.
E. Quadrupole moments of the 6d states
We also calculated the values of the quadrupole moments of the 6d 3/2 and 6d 5/2 states since these properties are of interest to the investigation of possible use of Ra + for the development of optical frequency standard [9] . The quadrupole moment Θ(γJ) can be expressed via the reduced matrix element of the quadrupole operator Q as
(11) The calculation follows that of the E2 matrix elements. As in the case of the E2 7s − nd matrix elements, a single correlation correction term is dominant, and the omitted correlation contributions may be estimated via the scaling procedure. We have conducted four different cal- culations: ab initio SD and SDpT, and scaled SD and SDpT ones to evaluate the uncertainty in the final values. The results are summarized in Table VIII . The correlation correction to the quadrupole moments is on the order of 20%. Our values are compared with coupledcluster calculation of Ref. [9] . Our results are lower than that of Ref. [9] . This issue has been discussed in detail in Ref. [26] where we have demonstrated that CCSD(T) method may overestimate quadrupole moments by a few percent owing to the cancellation of various terms. Omission of orbitals with l > 4 from the basis set may also lead to higher values.
F. Magnetic-dipole hyperfine constants
Our results for the magnetic-dipole hyperfine constants A(MHz) in 223 Ra + are compared with theory [9, 21] and experiment [27, 28] in Table IX . The gyromagnetic ratio g I for 223 Ra is taken to be g I = 0.1803 and corresponds to the value µ I = 0.2705 (19) µ N from Ref. [29] . We note that the magnetic moment of 223 Ra have not been directly measured but recalculated from measurements of 213 Ra and 225 Ra nuclear magnetic moments in Ref. [29] . The magnetization distribution is modeled by a Fermi distribution with the same parameters as our charge distribution (c= 6.862 fm and 10%-90% thickness parameter is taken to be t=2.3 fm). The lowest-order values are also listed to demonstrate the size of the correlation corrections for various states. The triple contributions are important for the hyperfine constants and are partially included as described in Section II. These values are listed in column labeled "SDpT". The SD values are also listed for comparison in column labeled "SD".
The value g I = 0.18067 that corresponds to the rounded off value µ I = 0.271(2) µ N from [29] was used in Ref. [9] . The values for A/g I were quoted in Ref. [21] , so we multiplied their values by 0.18067 for comparison. The differences between our results and experimental values are 1.3%, 0.7%, and 4% for 7s, 7p 1/2 , and 7p 3/2 states, respectively. We note that the uncertainty in the value of the nuclear magnetic moment is 0.7%. Larger difference of the A(7p 3/2 ) SDpT value with the experiment is similar to that one in Cs [11] , where the difference of the SDpT value for the 6p 3/2 magnetic-dipole hyperfine constant with experiment is 3.5%. Interestingly, the Cs SDpT values are below the experimental ones while the Ra + SDpT results are above the experimental values. This can be explained by the uncertainty in the treatment of the finite size correction, uncertainty in the value of Ra nuclear magnetic moment, and the difference in the size and distribution of the correlation corrections in Cs and Ra + .
IV. PARITY NONCONSERVATION
Nuclear-spin independent PNC effects in atoms are caused by the exchange of a virtual Z 0 boson between an electron of the atom and a quark in the nucleus, or between two atomic electrons [30] . The second effect is extremely small and will not be considered in this work. The dominant PNC interaction between an atomic electron and the nucleus is described by a Hamiltonian A e V N , which is the product of axial-vector electron current A e and vector nucleon current V N . The PNC interaction leads to a non-zero amplitude for transitions otherwise forbidden by the parity selection rule, such as the 6d 3/2 −7s transition in singly ionized radium. Combining experimental measurements and theoretical calculations of the PNC amplitude permits one to infer the value of the weak charge Q W for precise atomic-physics tests of the standard model.
The 7s−6d 3/2 PNC amplitude in Ra + can be evaluated as a sum over states:
where D is the dipole transition operator. The values of m j are customary taken to be m j = 1/2 for all states. The PNC Hamiltonian H PNC is given by
where G F is the universal Fermi coupling constant, Q W is the weak charge and γ 5 is the Dirac matrix associated with pseudoscalars. The quantity ρ(r) is a nuclear density function, which is approximately the neutron density. In our calculations, we model ρ(r) by the charge form factor, which is taken to be a Fermi distribution with 50% radius c PNC = c charge =6.8617 fm [31] and 10%-90% thickness parameter t = 2.3 fm for 223 Ra + , i.e. we take ρ(r) to be the same distribution as the charge distribution used our entire all-order calculation of the Ra + wave functions and corresponding properties. We also investigate how the PNC amplitude vary with changes in both c PNC and c charge .
The sum over n in Eq. (12) converges very fast in our case, and only first few terms need to be calculated accurately. Therefore, we divide our calculation of E PNC into three parts: a main term E main PNC that consists of the sum over states with n = 7 − 10, a tail E tail PNC which is the sum over states with n = 11, . . . , ∞, and the contribution E auto PNC from autoionizing states given by the terms with n = 2 − 6. The calculation of the main term is illustrated in Table X , where we list the "best set" of the dipole and PNC matrix elements used in our calculation as well as relevant energy differences. The final electric-dipole matrix elements are taken to be ab initio single-double all-order results (following the comparison of the similar Cs and Ba + results with experiment [11, 24] ). Reduced electric-dipole matrix elements are listed for consistency with previous tables; they need to be multiplied by 1/ (6) to obtain relevant values of i|D|j (m j = 1/2 for all states). The final PNC matrix elements for the 6d 3/2 − 7p 1/2 and 6d 3/2 − 8p 1/2 transitions are taken to be SD all-order scaled values since the contribution that can be accounted for by scaling is the dominant one for these cases; remaining PNC matrix elements are taken to be ab initio SD values. Experimental energies are used where they are available, our predicted energy values from Table I are used for the 9p 1/2 , 10p 1/2 , and 10p 3/2 levels. Our results are compared with results of Ref. [20] calculated using the correlation potential method. The main part of the PNC amplitude is overwhelmingly dominated by a single term listed in the first row of Table X. Our result for this term slightly differs from the calculation in Ref. [20] (by 2.2% ). However, the Ref. [20] does not list the Ra + isotope for which the calculation has been conducted. Since the value of the PNC amplitude is multiplied by the neutron number in the present commonly accepted units of 10 −11 i|e|a 0 (−Q W /N ), the difference between values for the PNC amplitudes for 223 Ra + and 226 Ra + is 2% just owing to 138/135 neutron number ratio. Therefore, the difference may be either explained by the simple isotope rescaling, difference in the choice of the nuclear density function parameters, or differences in the treatment of the correlation correction. The only significant discrepancy between our calculation and that of Ref. [20] is in the other term with n = 7 (-1.35 vs. -2.33). This difference has to result from the differences in the treatment of the correlation correction since this entire value comes from the correlation effects. Taking into account that the DF value for this term is consistent with zero and random-phase approximation (RPA) result, -4.08, is larger than the all-order value by nearly a factor of 3, such discrepancy is not very surprising.
To provide some estimate of the uncertainty in the calculation of the main term, we conduct the "scatter" analysis of the data following the calculation of the Cs PNC amplitude [32] . In such analysis, sets of data for dipole matrix elements, PNC matrix elements, and energies are varied (i.e., taken to be SD, SDpT, expt.) and the scatter in the final PNC values is analyzed. The results are summarized in Table XI . Our final value (corresponding to data in Table X ) is listed in the last row of Table XI . We note that essentially entire difference in the results comes from the dominant term (first row of Table X), and the variation in all other terms is insignificant. Therefore, the possible uncertainty in the next term (-1.35), which is bound to be substantial, can not be evaluated by this approach. While we have included the values with SDpT dipole matrix elements, there is no reason to expect these data to be more accurate than SD values. This conclusion is based on the breakdown of the correlation correction contributions and comparisons of the similar calculations in other monovalent systems that demonstrate cancellation of some missing effects in SD approximation but not in SDpT one. As a result, we conclude that the uncertainty in the dominant term owing to the Coulomb correlation correction is probably [20, 21] . Our result for the terms with n < 7 and n > 9 (6.8) is in reasonably good agreement with the value from Ref. [20] (7.5). The notable feature of Table XII is an excellent agreement of all rather different high-precision calculations despite relatively large possible uncertainties in various terms, with the exception of the mixed-states result [20] . Further calculations as well as experimental measurements will be necessary to achieve 1% accuracy in the PNC amplitude. We also investigated the dependence of the PNC amplitude on the values of the nuclear distribution parameters c charge and c PNC . As we described in the beginning of this section, the parameter c charge is used in the charge distribution in the all-order wave function calculations. The parameter c PNC is used in the modeling of the nuclear density function ρ(r) in the PNC Hamiltonian given by Eq. (13) . Both are modeled by the Fermi distributions; the all-order calculation is carried with both half-density parameters being equal to 6.8617 fm [31] . Since the DF result is rather close to the final value owing to various cancellations, it is sufficient to carry out this study using DF data. The results are summarized in Table XIII , where we list E DF PNC calculated with varying values or either one or both parameters. The variation of the given parameter is listed in % for convenience. The results show that possible uncertainty in the PNC amplitude owing to the uncertainty in the value of the charge radius (that is unlikely to be large) is negligible in comparison with the uncertainty in the correlation correction. For example, difference in the rms radii for A=223 and A=226 isotopes corresponds to the change in c charge that is on the order of 0.5% resulting in only 0.2% change in the PNC amplitude. Possible variance in the density ρ(r) in Eq. (13) which is approximately neutron density is higher, but even 5% change in c PNC with the fixed value of the c charge leads to 0.85% change in the PNC amplitude value. Table XIII may be used to recalculate the values of the PNC amplitude between different isotopes since the change in E PNC with the nuclear parameters is essentially linear.
V. CONCLUSION
We have calculated the energies, transition matrix elements, lifetimes, hyperfine constants, quadrupole moments of the 6d states, as well as dipole and quadrupole ground state polarizabilities, and PNC amplitude in 223 Ra + using high-precision all-order method. The energies of the 9p 1/2 , 10p 1/2 , and 10p 3/2 levels are predicted. The results for atomic properties are compared with available theoretical and experimental data. The PNC amplitude for the 7s − 6d 3/2 transition is found to be 45.2 × 10 −11 i|e|a 0 (−Q W /N ). The dependence of the PNC amplitude on the choice of nuclear parameters is studied. This work provides a number of recommended values for yet unmeasured properties of Ra + .
